Abstract. The investigation highlights results of a field experiment conducted in an Inceptisol in the Lower Gangetic Plain of India to evaluate the sole and interactive effect of different degree of puddling through various tillage implements and farm yard manure (FYM) on carbon and nitrogen transformation in the rice rhizosphere over two seasons. Three methods of puddling viz., (1) Light puddling with country plough, (2) Moderate puddling with tractor drawn cultivator and (3) Intensive puddling with power tiller, were employed in specified triplicate plots with and without application of FYM and their effect on organic carbon, microbial biomass carbon, NH 4 + -N, NO 3 --N and total nitrogen in the rice rhizosphere soil were assessed. The results of this study revealed that while light puddling induced the highest build up of soil organic carbon, microbial biomass carbon and total nitrogen. Moderate puddling effectuated the highest level of NH 4 + -N and NO 3 --N suggesting the highest rate of mineralization of organic-N in rice rhizosphere. Irrespective of puddling intensity, FYM escalated its positive effects. The highest level of NO 3 --N was induced through the rhizosphere during flowering stage. All the chemical and biochemical attributes of the soil, except NO 3 -N, were stimulated to the greatest extent during tillering stage. From this research results moderate puddling could be suggested for the best nitrogen availability during the critical growth stages of rice.
Introduction
Rice has always played a very important role in India's food security and civilization and is the staple food for more than 2.5 billion people in Asia and many more millions in Africa and Latin America. To feed the increasing global population, annual production of rice must increase from the present level to at least 760 Mt by the year 2020 (Kundu and Ladha, 1995) . The future of the food security system, not only in India but the whole of Asia, banks upon the ability to achieve a trend of growth towards productivity and profitability of rice farming systems on an ecologically sustainable basis (Swaminathan, 1993) . However, the recent trend since early 1980s has been showing downward compound growth rate in area, production and productivity of rice (Taimani and Verma, 1998 Yadav et al., 1998; 2000) . Though the role of fertilizer N in enhancing N mineralization rate in soil (Bouldin, 1986; Broadbent, 1979) and soil N uptake by wetland rice (De Datta and Broadbent, 1990 ) is well understood, data obtained from several field experiments under diverse soil and climatic conditions suggest that a major part ranging from 56-93% of the total N-requirement of wetland rice crop even when supplied with adequate fertilizer N particularly during heading to maturity stage (Wada et al., 1986 ) is met from soil organic N source (Broadbent, 1979) . So, different management approaches must be evolved to explore this otherwise biggest N source for economical use of N-fertilizer. The quality of cultivated soil is affected by various agricultural practices and among them tillage holds an important place. It is important that the soil management system provide agricultural sustainability and minimal detrimental effect on the environment. Puddling, the mechanical manipulation of soil, is important for making soil condition favorable for transplanting of rice seedlings. But puddling exposes soil aggregates and results in destruction of stable soil aggregates leading to microbial decomposition of the exposed clay-organic matter complexes and, thus, causes loss of soil organic matter. The fate and behavior of soil organic matter are regulated by the degree of intensity of soil tillage. When crop residues remain on the surface, the oxidation rate of organic matter is reduced and soil organic matter accumulates on the soil surface (Beare et al., 1994) . Intensive tillage like puddling, loosen and invert soil and makes soil more friable and allows greater oxygen diffusion resulting in higher activity of aerobic micro flora which, in turn, effectuate a rapid loss of CO 2 form soil (Reicosky and Lindstrom, 1995) . Moreover, puddling exposes higher surface area of soil and so greater interaction among inanimate constituents including minerals as well as organics in soil and biotic constituents is achieved. This in turn, effectuates enhancement in aerobic microbial decomposition of incorporated residues resulting in a net decrease in soil organic carbon (Reicosky and Lindstrom, 1995) . Management system based on reduction of soil disturbance and tillage depth leads to an accumulation of organic matter (Campbell et al., 1998; Costantini et al., 1996) and enrichment of soil N and soil P (Diaz-Zorita and Grove, 2002; Zibilske et al., 2002) .
Soil organic carbon is an important index of soil quality and so plays a crucial role in sustaining crop productivity and environmental quality (Campbell et al., 1996; Doran, 1980; Lal et al., 1997) by rejuvenating soil physical, chemical and biological properties viz., soil water retention and availability, nutrient cycling, gas flux, plant root growth and soil conservation (Gregorich, 1994) . Soil microorganisms play integral role in nutrient cycling, soil stabilization and organic matter decomposition. Greater soil disturbance decrease average microbial biomass (Follett and Schimel, 1989 ) while minimum tillage practice provides means to reduce loss of carbon (Morris et al., 2004) . So, appropriate land use and soil management practices make a dent for the improvement in soil organic carbon and so soil quality besides mitigating partially the rise of atmospheric CO 2 (Lal and Bruce, 1999; Paustian et al., 1997) . Among the carbon pools in soil, soil microbial biomass carbon is the only living entity. It quickly interacts and manifests status of soil health well in advance as microbes are closely associated with soil matrix. Thus, the effect of puddling intensity on rice rhizosphere can be assessed through this tool.
Incorporated organic matter in soil holds a huge potential to mitigate the adverse effects of tillage to a great extent by improving soil microbial biomass pool ( (Flinn and De Datta, 1984) . Proper puddling of rice soils in combination with organic matter management may lead to improvement of rice crop growth, maintain proper ecology of the rhizosphere and may ultimately lead to higher production-both quantitatively and qualitatively, on a sustainable basis. The present research project was undertaken to study the influence of different puddling practices varying in the intensity and depth of ploughing practices in combination with farm yard manure on soil organic carbon and nitrogen transformation in an alluvial (Inceptisol) soil of Eastern India.
Materials and methods

Site and soil information
The investigation comprises two field experiments in succession during kharif Table 1 . 
Field investigation
Three puddling methods typical to the region were implemented: conventional light, moderate and intense puddling. Conventional light puddling, to a depth of 0-50 mm, was accomplished by an indigenous plough made of wood with an iron soil cutting edge which causes no inversion (Kamble and Srivastava, 2003) , while moderate puddling, to a depth of 0-100 mm, was accomplished by using a spring tine cultivator drawn by a tractor fitted with cage wheels and intense puddling to a depth of 0-150 mm, was accomplished by a rotary power tiller. Surface leveling was done by a horizontal wooden beam (indigenous leveler). as urea, phosphorus 60 kg.ha -1 as single super phosphate and potassium 40 kg.ha -1 as muriate of potash were applied to each plot. While phosphorus and potassium were applied at a time as basal dressing during final land preparation, nitrogen was applied in three equal splits. Irrigation, intercultural operations including pest and disease management were done as and when necessary. The crop was grown to maturity.
Collection and analyses of soil samples
Initial bulk surface (0-150 mm) soil samples were collected from field before the start of the experiment. Soil samples from each plot were also collected during critical growth periods like: tillering, flowering and maturity. The soil samples were analyzed for pH in 1:2.5 soil: water suspension (Jackson, 1973) , oxidisable soil organic carbon by the method of Walkley and Black (1934) , total nitrogen by wet digestion and Kjeldahl distillation method (Jackson, 1973) , ammonium and nitrate nitrogen after extraction with KCl solution and Kjeldahl distillation method using Devarda's alloy for nitrate (Jackson, 1973) , available P following the method of Olsen et al. (1954) , available K by 1N NH 4 OAC using a flame photometer (Jackson, 1973 ) and microbial biomass carbon by method described by Joergenson (1995). Core sampler was used for soil bulk density determination. Soil texture was determined by Bouyoucos hydrometer (Bouyoucos, 1962) . Soil samples collected during different stages of rice growth were also analyzed for oxidisable soil organic carbon, total nitrogen, ammonium and nitrate nitrogen and microbial biomass carbon following standard methods described above.
Statistical analysis
Statistical significance of treatment effects on different properties of soil was inferred from least significant difference (LSD, P=0.05) test using analysis of variance from a Randomized Complete Block Design.
Results and discussion
Organic Carbon
Perusal of results (Table 2) reveal that conventional light puddling with country plough caused a significant increase in the organic carbon level, as compared to the other puddling methods, in the rice rhizosphere during each of the growth stages. The impact was further accelerated by the applied FYM to the soil. The increase in the organic carbon level of rhizosphere soil was due to less exposure of soil particles resulting in lower availability of autochthonous micro-flora on soil organic matter. The result substantiated the report of Doran (1980). Addition of FYM resulted in a significant increase in the organic carbon level of rhizosphere soil from tillering to maturity stage of rice over that of FYM untreated plots, which was due to the additive effect of carbonaceous compounds of FYM (Mukherjee and Gaur, 1984) . The organic carbon content of rhizosphere soil significantly decreased from tillering to maturity stage of rice due to greater utilization of organic carbonaceous materials by the increased number of micro-organisms resulting in higher breakdown of organic matter with a subsequent release of CO 2 from the soil (Debnath et al., 1994) . Organic carbon was positively and significantly correlated with microbial biomass carbon, total nitrogen content, ammonium nitrogen content and nitrate nitrogen content in the rice rhizosphere ( Table 7) .
Total Nitrogen
Compared to other puddling methods, conventional light puddling with country plough effectuated significant increase in the total -N content of rhizosphere during all the growth stages of rice ( Table 3 ). The increase was further accelerated by the addition of FYM in soil. Light puddling resulted in less exposure of the soil particles leading to less proliferation of microorganisms. This in turn brought about lower mineralization of organic nitrogenous compounds protected in the lattice holes of minerals in the soil of rhizosphere.
Addition of FYM exerted significant increase in the total-N content of rhizosphere soil during each of the growth stages due to additive effect of nitrogenous components of the organic manure (Saenjan et al., 1992) . Moreover, added FYM effectuated assymbiotic nitrogen fixation by free living aerobic and anaerobic N-fixers in rice rhizophere. The level of total-N significantly decreased from tillering to maturity stage in the rhizosphere soil due to uptake of available N by the rice crop or loss of N through biotic and abiotic processes after mineralization of organic nitrogenous compounds in the rhizosphere of rice. More so, the capacity of free living N-fixers to fix atmospheric nitrogen decreased with the advancement of the age of plants due to decreased rate of rhizo-deposition (Saha, 2000) . Total-N content was significantly correlated with microbial biomass carbon, organic carbon, ammonium nitrogen content and nitrate nitrogen content in the rice rhizosphere ( Table 7) . 
Ammonium and Nitrate Nitrogen
Among different puddling methods, while moderate puddling by tractor drawn cultivator resulted in the highest level of both ammonium and nitrate nitrogen in the rhizosphere soil at different growth stages of rice, the light puddling by country plough resulted in the lowest status (Table 4, 5) . Addition of FYM, in general, improved the ammonium and nitrate nitrogen in the rhizosphere soil compared to the FYM untreated control soil. While the ammonium-N content of rhizosphere soil was highest during tillering stage, the nitrate-N content was the highest during flowering stage and that reflected the higher rate of nitrification during flowering stage of rice. Among different puddling methods, moderate puddling with tractor drawn cultivator resulted in the highest exposure of primary and secondary soil particles and furnished favorable conditions for microbial proliferation leading to greater mineralization of both native soil organic matter as well as added organic nitrogenous compounds. Higher amounts of ammonium and nitrate nitrogen in FYM treated soil were due to the additive effects of the mineralized organic nitrogen compounds of the organic manure (Mukherjee and Gaur, 1985) . The highest level of ammonium-N at the tillering stage was due to greater rate of ammonification of organic manure (Mishra et al., 2001) . Ammonium-N of the rhizosphere was significantly and positively correlated with microbial biomass carbon, organic carbon, total nitrogen content and nitrate nitrogen content in the rice rhizosphere ( Table 7 ). The nitrate-N content of rice rhizosphere was significantly and positively correlated with microbial biomass carbon, organic carbon, ammonium nitrogen content and total nitrogen content ( Table 7) .
Microbial Biomass Carbon
Among different puddling methods, while conventional light puddling with country plough resulted in the highest level, moderate puddling with tractor drawn cultivator caused the lowest level of microbial biomass carbon in the rice rhizosphere throughout all the growth stages of rice (Table 6 ). The increment in the level of microbial biomass carbon was due to the impact of higher level of organic carbon ( Table 2 ). The result substantiates the reports of Spieir et al. (1982) . It is globally hypothesized that density of microbial population declines with the intensity of agricultural operation (Giller et al., 1997; Pankhurst et al., 1995) . In the present investigation, a gradient of intensity of disturbance created by puddling existed. As in case of conventional light puddling with country plough, the disturbance was relatively low, and thus, microbial habitat was relatively protected. This resulted in higher microbial loading which in turn, effectuated higher level of microbial biomass carbon. Application of FYM effectuated a universal scaling up of microbial biomass carbon in rice rhizosphere. The results, thus, corroborated the findings of (Bhattacharjee et al., 2001 ). The level of microbial biomass carbon gradually reduced from tillering to maturity stage in the rice rhizosphere due to gradual loss of organic carbon during those periods as evidenced from Table 2 . It has been estimated that as much as 40% of plant primary production may be lost through rhizodeposition (Lynch and Whipps, 1990) in the form of very essential vitamins, short chain fatty acids, carbohydrates, amino acids etc., for microbial growth. But with advancement of growth of rice, quality and quantity of rhizodeposition decreased due to senescence (Hütsch et al., 2002) . Thus, abundance of microbial population, in general and microbial biomass, in particular, declined. This is supported by the findings of Butler et al. (2004) . With 14 C labeled carbon the authors showed that the turnover of labeled rhizodeposition through dynamics of microbial biomass was different in different phenological stages of crop growth. Microbial biomass carbon level of the rice rhizosphere was significantly positively correlated with organic carbon, total nitrogen, ammonium nitrogen and nitrate nitrogen content (Table 7) . Conventional light puddling with country plough results in the lower microbial activity and so effectuates the highest build up of organic carbon, microbial biomass carbon but causes lower availability of plant available mineral nitrogen in the rhizosphere. Moderate puddling using tractor drawn cultivator, on the other hand, brings about higher mineralization of organic nitrogen and so causes an increment in the level of plant available mineral nitrogen in the rice rhizosphere. So, it is suggested that moderate puddling harnesses the best nitrogen availability in the rice rhizosphere in the critical growth stages, the impact of that is further accelerated through application of FYM.
Soil organic matter formation and development in rice fields is highly dependent on puddling intensity. Submergence makes added carbon recalcitrant and conserve for longer period while tillage withdraw the carbon balance. Thus, methods to maintain soil carbon level and aggressive tillage practices e.g. puddling are not compatible. Through further research knowledge to arrive at a delicate balance between applied organic residues and the intensity of puddling are needed for transplanting of rice seedlings and at the same time minimize agricultural impact on the environment.
